

















factors,	 amongst	which	 C	 impurities	 and	 their	 interactions	with	 self-interstitial	 atoms	
(SIA).	 In	 this	work,	we	 specifically	 study	 this	 effect	 by	 conducting	 a	 dedicated	 2-MeV	
self-ions	 irradiation	 experiment,	 at	 room	 temperature.	 Samples	were	 irradiated	 up	 to	
0.02,	0.15	and	1.2	dpa.	Transmission	electron	microscopy	(TEM)	expectedly	revealed	a	
large	 density	 of	 SIA	 loops	 at	 all	 these	 doses.	 Surprisingly,	 however,	 the	 loop	 number	
density	 increased	 in	 a	 non-monotonous	 manner	 with	 the	 received	 dose.	 Performing	
chemical	analysis	with	secondary	ion	spectroscopy	measurements	(SIMS),	we	find	that	
our	samples	were	likely	contaminated	by	C	 injection	during	the	irradiation.	Employing	
an	 object	 kinetic	 Monte	 Carlo	 (OKMC)	 model	 for	 microstructure	 evolution,	 we	
demonstrate	 that	 the	 C	 injection	 is	 the	 likely	 factor	 explaining	 the	 evolution	 of	 loops	
number	 density.	 Our	 findings	 highlight	 the	 importance	 of	 the	 well-known	 issue	 of	 C	








releasing	 their	 energy	 within	 plasma-facing	 components.	 This	 process	 will	 inevitably	
lead	to	the	formation	of	atomic	collision	cascades,	and	the	creation	of	the	lattice	defects,	
whose	 size	distribution	 and	density	will	 evolve	during	 the	 reactor	 operation	 [2].	 	 The	
formation	of	 vacancies	 and	nano-pores	will	 result	 in	 the	 reduction	of	 the	 thermal	 and	
electrical	conductivity	[3,4],	 induce	dimensional	instability	(i.e.,	swelling)	[5],	and	yield	
to	 the	 retention	of	 tritium	 [6].	These	degradations,	 all	 together,	 are	hence	expected	 to	
reduce	 the	performance	of	 the	 fusion	device.	The	 formation	of	 self-interstitial	 clusters	
growing	into	dislocation	loops	results	 in	the	hardening	[4,7].	 It	 therefore	 increases	the	
ductile	to	brittle	transition	temperature	[2,8],	imposing	a	risk	of	structural	failure	during	
operation.	 The	 resulting	 microstructure	 depends	 on	 three	 key	 elements:	 (1)	 the	
irradiation	 conditions	 (i.e.	 flux,	 spectrum,	 fluence)	 generating	 lattice	 damage;	 (2)	 the	
intrinsic	 properties	 of	 the	 material	 (i.e.	 elastic	 constants)	 determining	 the	 structural	
morphology	of	the	defects;	(3)	the	material	microstructure	which	controls	diffusion	and	
sinking	 of	 defects.	 Considering	 that	 the	 plasma	 facing	 components	 will	 be	 made	 of	
commercially	pure	 tungsten,	 the	presence	of	 impurities	 such	as	 carbon	belongs	 to	 the	





irradiation	 damage	 accumulation	 and	 directly	 extrapolate	 its	 prediction	 to	 service	
conditions	 in	 term	 of	 neutron	 fluence	 and	 spectrum,	 irradiation	 temperature	 and	 its	
transients,	dose	rate,	nuclear	 transmutation	resulting	 to	 the	 formation	of	rhenium	and	
osmium,	etc.	In	recent	works	[9,10],	we	have	proposed	a	complete	object	kinetic	Monte	
Carlo	(OKMC)	model	that	takes	all	these	factors	into	account.	The	model	was	developed,	
parameterized,	 and	 validated	 covering	 a	 wide	 temperature	 range	 (400-1000°C)	 and	
using	a	variety	of	the	experimental	conditions,	namely:	2-MeV	self-ions	[13,14],	18-MeV	




Those	computational	works	highlighted	 that	one	key	aspect	 in	 the	OKMC	model	 is	 the	
description	of	self-interstitial	 (SIA)	defects,	and	their	 interactions	with	C	 impurities.	 In	




activation,	we	 performed	 irradiation	 experiment	 employing	 2MeV	 self-ions,	 for	which	
the	molecular	dynamic	database	of	collision	cascades	is	well	established.	Combination	of	
the	 low	 irradiation	 temperature	 and	 heavy	 ion	 damage	 yields	 to	 the	 microstructure	
composed	 of	 dislocation	 loops,	 which	 could	 be	 observed	 directly	 by	 transmission	
electron	microscopy	(TEM)	already	at	such	low	dose	as	0.02	dpa.	We	have	exposed	the	
samples	 to	 three	 levels	 of	 damage,	 up	 to	 1	 dpa.	 Next,	 we	 simulated	 this	 irradiation	
experiment	with	our	OKMC	tool	to	study	how	the	observed	densities/size	distribution	of	
the	loops	is	influenced	by	the	C	impurities.	Variable	parameters	are	the	effective	carbon	
concentration	 in	 the	 bulk,	 and	 the	 strength	 of	 C-loop	 interaction.	 Additionally,	 we	
investigated	 the	 role	 of	 the	 increase	 of	 C	 concentration	 near	 the	 sample	 surface,	 as	
secondary	ion	spectroscopy	measurements	(SIMS)	have	indicated	the	injection	of	carbon	
















The	 reference	 microstructure	 of	 this	 material	 was	 studied	 in	 Ref.	 [24].	 Electron	
backscatter	 diffraction	 (EBSD)	 analysis	 revealed	 that	 the	 grains	 of	 this	 material	 are	
elongated	 along	 the	 bar	 axis.	 Those	 with	 high	 misorientation	 angles	 are	 randomly	
orientated	and	are	elongated	with	a	size	of	5-20	µm	in	the	normal	direction	to	the	bar	


















Using	 the	 SRIM	 software	 [25],	 assuming	 a	 threshold	 displacement	 energy	 of	 55.3	 eV	
[26],	we	estimate	 that	 the	depth	of	penetration	 is	0.35	µm,	as	 illustrated	 in	Fig.	1.	The	














Examples	of	 images	obtained	with	TEM	are	 collected	 in	Fig	2.	 From	 these	 images,	 the	
dislocation	density	of	4.5×1012	m-2	was	calculated	using	a	method	discussed	in	Ref	[27].	
Radiation-induced	 defects	 were	 observed	 as	 faint	 dark	 sports	 homogeneously	
distributed	 in	 the	 bulk	 of	 the	 material.	 These	 are	 identified	 as	 small	 clusters	 of	 SIA	
defects,	or	small	dislocation	loops	for	the	bigger	ones.	For	simplicity,	we	do	not	make	a	
qualitative	 distinction	 between	 these	 defects,	 and	 they	 are	 henceforth	 denoted	 as	
“loops”	in	what	follows.		The	number	density	of	the	loops	was	calculated	by	direct	count	
in	 5-7	 images	 (whose	 area	 size	 was	 330x330	 nm	 or	 230x230	 nm),	 divided	 by	 the	





















We	 see,	 in	 Fig.	 3,	 that	 the	 number	 density	 of	 dislocation	 loops	 remained	 constant	







Carbon	 depth	 profiles	were	measured	with	 Secondary	 Ion	Mass	 Spectrometry	 (SIMS)	
using	 a	 double	 focusing	 magnetic	 sector	 instrument	 VG	 Ionex	 IX-70S.	 A	 12	 keV	 Cs+	
primary	 beam	was	 used.	 Samples	were	 in	 a	 vacuum	 of	 10-9	mbar.	 The	 current	 of	 the	
primary	beam	was	750	nA	and	the	beam	was	raster-scanned	over	an	area	of	280	×290	
μm2.	 A	 10%	 electronic	 gate	 was	 used	 to	 avoid	 crater	 wall	 effects.	 After	 the	 SIMS	














with	 those	 obtained	 from	 the	 irradiated	 samples.	 Due	 to	 unavoidable	 changes	 in	 the	
exact	SIMS	settings,	 and	 the	possible	changes	of	 residual	C	atoms	 in	 the	vacuum,	both	
panels	in	Fig.	4	can	only	be	qualitatively	compared.	Measurement	within	the	right	panel	
















most,	 directly	 created	 during	 the	 primary	 damage	 of	 irradiation.	 Molecular	 dynamics	
studies	[28,29],	which	serve	as	input	for	our	model,	have	indeed	shown	that	loops	≥	2nm	
are	 found	within	 the	 debris	 of	 some	 of	 the	 atomic	 collision	 cascades:	 those	 triggered	




towards	 sinks	 in	 the	 microstructure,	 i.e.	 the	 network	 of	 dislocations	 and	 the	 grain	
boundaries,	if	they	are	not	annihilated	by	vacancy	defects	on	their	way.	Nevertheless,	a	
small	proportion	of	the	loops	find	a	C	impurity,	which	acts	as	a	trap	keeping	it	in	the	bulk	
of	 the	 material.	 Calculations	 with	 density	 functional	 theory	 (DFT)	 evidenced	 that	 the	
magnitude	of	this	trapping	is	as	high	as	0.72	eV	for	the	single	SIA	[10].	Hypothetically,	
any	SIA	loop	would	exhibit	a	higher	binding	energy	with	single	C	atoms,	as	a	function	of	
their	 size.	 Therefore,	 in	 the	 irradiation	 experiment	 performed	 in	 this	 work,	 at	 room	




most	 the	 SIA	 defects	 can	 be	 assumed	 to	 be	 definitely	 immobile	 once	 they	 find	 a	 C	
impurity,	unless	they	are	small.			
	
The	 above-described	 scenario	 can	 explain	 why	 the	 number	 density	 of	 loops	 has	
significantly	increased	between	0.15	dpa	and	1.2	dpa,	but	not	between	0.02	dpa	and	0.15	





















Periodic	 boundary	 conditions	 are	 applied	 on	 the	 X	 and	 Y	 directions.	 Large	
microstructure	 features	 like	 grain	 size	 and	 dislocation	 density	 are	 included	 as	
sink	strength.	
• As	 previously	 mentioned,	 irradiation	 is	 described	 by	 the	 injection	 of	 pre-
calculated	 libraries	 of	 debris	 from	 atomic	 collision	 cascades	 obtained	 from	
molecular	dynamics	(MD)	[28,29].	The	spectrum	of	kinetic	energy	associated	to	
the	PKA	was	estimated	using	MARLOWE	[31,32].	
• Once	 injected,	 point-defects	 and	 their	 clusters	 are	 associated	 to	migration	 and	
dissociation	events.	Regarding	the	low	temperature	in	this	work,	vacancies	and	C	
defects	can	be	assumed	 to	be	 immobile,	because	of	 their	high	migration	energy	
(respectively,	1.66	eV	and	1.46	eV).	The	only	events	that	can	take	place	are:	
o Migration	 of	 a	 SIA	 defect	 towards	 a	 first-nearest-neighbor	 position.	 The	
migration	energy	is	as	low	as	0.01	eV,	and	the	attempt	frequency	linearly	
decreases	with	the	size	of	the	loop.	
o After	 each	 migration	 event,	 a	 probability	 for	 being	 sunk	 at	 a	
microstructure	defect	is	considered.	The	probabilities	are	calculated	from	
the	 theoretical	 formulas	 for	 the	 network	 of	 dislocations,	 and	 the	 grain	
boundaries.	
o If	not	sunk,	 the	neighborhood	of	 the	SIA	defect	 is	searched	for	candidate	
defects	 interacting	 with	 it.	 	 Recombination	 with	 vacancy	 defects,	 and	
coalescence	 with	 other	 SIA	 defects,	 are	 applied	 immediately.	 Another	





An	 essential	 input	 parameter	 to	 the	 OKMC	model	 is	 therefore	 the	 concentration	 of	 C	
impurities	 in	 the	 bulk	 of	 the	material.	 It	 should	 be	 noted	 that	 the	 best	 choice	 for	 the	
model	is	not	necessarily	directly	obtained	from	the	chemical	composition	of	the	alloy,	or	
in	 this	work,	 the	 direct	measurement	with	 SIMS	 as	 reported	 in	 Fig.	 4.	Our	 experience	






in	 grain	 boundaries	 and	 dislocations.	 In	 consequence,	 our	 approach	 in	 previous	work	
was	to	perform	a	parametric	study,	and	find	the	best-suited	value	for	the	concentration	




!"" = 𝐶! + 𝑑 ∙ 𝐶 𝑑 				 	 	 	 	 	 	 	 	 (1)	
	




injection	 is	 expected	 to	 be	 globally	 proportional	 to	 the	 dose,	 even	 though	 some	
inhomogeneity	 occurs	 on	 the	 implantation	 surface.	 It	 is	 worth	 noticing,	 in	 Fig.	 4,	 the	
large	 discrepancy	 of	 SIMS	 measurement	 between	 the	 unirradiated	 sample	 and	 the	





(d	 =	0),	homogeneous	 in	 the	whole	 simulation	box,	but	only	active	up	 to	a	 given	dose	
𝑑!,!"#:	
	
𝐶 𝑑 = 𝐶	if	𝑑 ≤ 𝑑!,!"#				 	 	 	 	 	 	 	 	 (2)	








Next,	 we	 define	 as	𝐸!!!




!"#$ = 0.72𝑒𝑉 + 0.9𝑒𝑉 − 0.72𝑒𝑉
!! !!
!! !!
	 					 	 	 	 	 (5)	
		
Here,	 the	 value	 0.72	 eV	 is	 the	 limiting	 case	 of	 the	 single	 SIA	 (nI	 =	 1),	 and	 0.9	 eV	
corresponds	to	a	permanent	trapping	in	this	experiment	(irradiation	at	20°C	during	615	








To	 start,	 we	 performed	 OKMC	 simulations	 assuming	 a	 constant	 concentration	 of	 C	
though	 time,	 ignoring	 injection:	𝐶=	 0	 and	𝑑!,!"# 	=	 0.	 Results	 are	 shown	 in	 Fig.	 5,	
assuming	C0	=	1	appm	to	10	appm,	and		𝑛! 	=	19.		We	see	that	the	OKMC	simulations	do	
not	provide	realistic	results.	First	of	all,	the	number	density	of	loops	saturates	at	an	early	
dose	 <	 0.1	 dpa,	 and	 therefore,	 the	 experimental	 trend	 cannot	 be	 reproduced	 with	 a	
constant	concentration	of	C:	it	should	be	5	appm	(or	3.1×1023	m-3)	to	catch	the	low	dose	
measurement,	 but	 as	 high	 as	 15	 appm	 (or	 9.4×1023	 m-3)	 to	 catch	 the	 higher	 dose	
measurement.	 This	 early	 saturation	 can	 be	 explained	 by	 the	 high	 increase	 in	 number	
density	 of	 vacancy	 defects.	 From	 0.1	 dpa,	 it	 is	 as	 high	 as	 1026	 m-3,	 i.e.,	 2	 orders	 of	
magnitudes	 higher	 than	 the	 assumed	 C	 concentration.	 Newly	 created	 loops	 during	
atomic	 collision	 cascades	 have	 therefore	 much	 more	 chances	 to	 be	 annihilated	 by	 a	
vacancy	defect,	instead	of	being	trapped	by	a	C	impurity.	Secondly,	the	predicted	average	
size	of	the	loops	is	largely	overestimated.	This	suggests	that	the	magnitude	of	trapping	is	


















predicted	 for	 the	 number	 density	 of	 loops.	 Noticeably,	 it	 is	 found	 to	 increase	while	 C	
injection	is	active,	but	then	it	starts	decreasing	afterwards.	It	is	also	interesting	to	note	
that	 increasing	𝑛! 	has	 the	 dual	 effect	 to	 reduce	 the	 number	 density	 of	 loops	 after	 0.1	
dpa,	and	to	noticeably	reduce	the	average	size	of	the	loops.	This	can	be	explained	in	the	
following	way:		
• From	 0	 to	 0.1	 dpa,	 the	 continuous	 injection	 of	 C	 impurities	 has	 the	 effect	 to	
provide	 an	 increasing	 probability	 of	 trapping	 for	 the	 loops	 created	 during	
irradiation.	 Therefore,	 the	 number	 density	 of	 TEM-visible	 loops	 in	 the	 bulk	
increases.	 At	 the	 same	 time,	 their	 average	 size	 does	 not	 increase	 significantly,	
highlighting	that	no	significant	amount	of	coalescence	takes	place.		
• After	0.1	dpa,	the	injection	of	C	has	been	stopped	in	the	simulation.	Similarly	to	
the	 above	 discussion	 of	 the	 results	 shown	 in	 Fig.	 5,	 the	 number	 density	 of	
surviving	loops	does	not	increase	any	more.	Their	fate	depends	on	the	assumed	
magnitude	for	the	binding	energy:	
o If	𝑛! =19	 (which	 corresponds	 to	 1.1	 nm	 loops),	 the	 number	 density	 of	
loops	remains	constant,	because	the	C	traps	are	strong	enough	to	keep	all	
of	 them	 immobile.	 Their	 average	 size	 therefore	 increases	with	 the	 dose,	
because	 of	 the	 coalescence	 with	 migrating	 SIA	 defects,	 similarly	 to	 the	
above-discussion	from	the	results	in	Fig.	5.	
o If	𝑛! 	=	37	(which	corresponds	to	1.6	nm	loops),	smaller	loops	can	unbind	
from	 the	 C	 impurities,	 which	 reduces	 their	 number	 densities	 while	 the	
average	size	if	not	significantly	affected.		
o If	𝑛! 	=	55	 (which	corresponds	 to	1.9	nm	 loops),	 increasingly	 large	 loops	





evidence	 (red	 squares).	 Different	 series	 denote	 the	 assumed	 rates	 of	 injection	 of	 C	
































interaction	 between	 SIA	 defects	 and	 C	 impurities.	 For	 tungsten	 materials,	 room	









In	 order	 to	 rationalize	 those	 experimental	 findings,	 we	 applied	 our	 OKMC	 model	 to	
simulate	 the	 same	 irradiation	 condition.	 We	 performed	 a	 parametric	 study	 for	 what	
concerns	C-SIA	 interactions,	 achieving	 the	best	matching	between	 the	predictions	 and	
TEM	evidence.	This	was	obtained	assuming	a	 rate	of	C	 injection	 that	 somehow	differs	
from	the	experimental	one,	however.	This	can	be	regarded	as	the	effect	of	the	remaining	
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